Primers for PCR amplification of partial (1,102 of 1,680 bp) formyltetrahydrofolate synthetase (FTHFS) gene sequences were developed and tested. Partial FTHFS sequences were successfully amplified from DNA from pure cultures of known acetogens, from other FTHFS-producing organisms, from the roots of the smooth cordgrass, Spartina alterniflora, and from fresh horse manure. The amplimers recovered were cloned, their nucleotide sequences were determined, and their translated amino acid sequences were used to construct phylogenetic trees. We found that FTHFS sequences from homoacetogens formed a monophyletic cluster that did not contain sequences from nonhomoacetogens and that FTHFS sequences appear to be informative regarding major physiological features of FTHFS-producing organisms.
The homoacetogenic bacteria (acetogens) are a group of obligately anaerobic bacteria that utilize the acetyl coenzyme A (CoA) pathway to synthesize acetate from C 1 precursors. Acetogens grow autotrophically on H 2 and CO 2 and/or heterotrophically on a variety of organic compounds, with mixotrophic growth on H 2 and a suitable organic substrate being observed in some species (7, 46) . Acetogenesis is of great importance to the global carbon cycle, producing an estimated 10% of the approximately 10 13 kg of acetate formed annually in anaerobic habitats (46) . As a group, acetogens are among the most metabolically versatile anaerobes (11, 36) and are also phylogenetically quite diverse. This diversity has greatly hindered studies of natural acetogen populations, and as a result, surprisingly little is known about their ecology in most anaerobic habitats.
Media that are selective for organisms capable of acid production under H 2 -CO 2 incubation conditions have been developed (6) , but pure-culture isolation from natural environments tends to result in collections of organisms that are not representative of the natural assemblages (9, 38) . Molecular biological methods are widely used for studies of natural bacteria (15, 40, 43) , but many of these methods are based on recovery and analysis of 16S rRNA gene sequences and therefore are not amenable to the study of a functional group of organisms that are phylogenetically diverse. A practical solution to this problem for bacterial functional groups is to exploit a unique and unifying function encoded by a conservative, non-16S rRNA gene. This approach has been employed with great success for several bacterial functional groups, including the nitrogen-fixing bacteria (nifH) (17, 26) , the methylotrophic bacteria (pmoA) (16) , the ammonia-oxidizing bacteria (amoA) (34) , various groups of autotrophic organisms (rbcL) (29) , the denitrifying bacteria (nirK, nirS) (4), and the sulfate-reducing bacteria (aprA) (10), among others. PCR amplification, which provides substantially greater sensitivity than direct DNA-DNA hybridization analyses (2) , is particularly useful for ecological studies, but suitable primers have not been developed for the acetogens to date.
Previous studies have shown that some enzymes used in the acetyl-CoA pathway are both structurally and functionally conserved (20, 23, 32) . In particular, the gene sequence encoding formyltetrahydrofolate synthetase (FTHFS), which catalyzes the ATP-dependent activation of formate, is highly conservative (20, 23) and has been used successfully as a functional group probe for acetogens in natural samples (24) . This gene has been cloned and sequenced from three acetate-producing anaerobes, Moorella thermoacetica (formerly Clostridium thermoaceticum) (22, 23) , Clostridium acidurici (44) , and Clostridium cylindrosporum (33) . The last two species are purinolytic organisms, which ferment purines and amino acids to acetate via the glycine synthase-glycine reductase pathway (14, 41) The sources of these organisms, as well as the methods used for purification of DNA from bacterial cultures and from fresh horse manure, have been described previously (24) . DNA was purified from fresh roots of the smooth cordgrass, Spartina alterniflora, by using a direct lysis procedure (25, 30) . FTHFS amino acid and nucleotide sequences from M. thermoacetica, C. acidurici, and C. cylindrosporum were obtained from the National Center for Biotechnology Information and were aligned by using ClustalW (39) . Stretches of six or more consecutive conserved residues were identified, and the degeneracy of these potential priming sequences was determined. Primers identified in initial studies were used to recover a 1,374-bp segment of the approximately 1,680-bp FTHFS gene from A. woodii, C. formicoaceticum, C. magnum, and T. kivui. However, these initial primers yielded some nonspecific products from other acetogens. Analysis of the additional FTHFS sequences revealed less degenerate PCR primer sequences that amplified a 1,102-bp stretch of the FTHFS gene specifically and with a high yield. The M. thermoacetica nucleotide sequence was substantially different from other acetogen sequences and was dropped from consideration in the design of these primers (see below). The final primer sequences were as follows: 5Ј-TTY ACW GGH GAY TTC CAT GC-3Ј (forward, 24-fold degenerate) and 5Ј-GTA TTG DGT YTT RGC CAT ACA-3Ј (reverse, 12-fold degenerate), where Y is C or T, W is A or T, H is A, C, or T, D is A, G, or T, and R is A or G. PCR amplification conditions were optimized by using DNA from known acetogen pure cultures with Dynazyme EXT Tbr polymerase (MJ Research, Waltham, Mass.). The reaction system consisted of 1.5 mM MgCl 2 , 0.4 mg of bovine serum albumin per ml, 0.2 mmol of each deoxynucleoside triphosphate per ml, and 25 ng of target DNA per ml. The touchdown thermal cycling protocol used included initial denaturation at 94°C for 2 min, followed by nine cycles of denaturation at 94°C for 30 s, annealing at 63°C for 30 s (decreased by 1°C per cycle to 55°C), and elongation at 72°C for 30 s. After the touchdown portion of the protocol was completed, 25 additional cycles in which an annealing temperature of 55°C was used were performed, and this was followed by a final elongation step consisting of 72°C for 2 min. Amplimers from a representative collection of acetogens, from known nonacetogens, and from Spartina root and horse manure DNA were cloned into pGEM-T (Promega, Madison, Wis.). Recombinant plasmids were purified from selected clones, and sequences were determined for both strands of each cloned amplimer with a DNA4000LS sequencer (Li-Cor, Lincoln, Nebr.). Cloned partial FTHFS sequences were translated by using SeqPup (version 0.6f; D. G. Gilbert, Indiana University, Bloomington). Alignments of translated sequences were constructed by using ClustalW (39) . Distance matrix calculations and tree construction were performed by using MEGA (version 1.0; The Pennsylvania State University, University Park). The partial FTHFS sequence of P. vulgaris served as the outgroup. Bootstrapping (12) was used to estimate the reliability of phylogenetic reconstructions (500 replicates).
Based on the amino acid numbering system for the sequence of M. thermoacetica FTHFS (23), the only complete FTHFS sequence from a true acetogen, the amplimer begins with Val 136 and ends with Val 487 exclusive of primers and begins with Phe 129 and ends with Tyr 494 including primers. All sequences were examined for amino acid residues that are universally conserved in known FTHFS sequences and are thought to be important to FTHFS structure or catalysis (31) . These include a hexapeptide, encompassing residues 197 to 202, thought to be involved in tetrahydrofolate binding (23) and the putative adenosine ring-stabilizing residue, Trp 412 (31). In addition, residues 271 to 284 are highly conserved in all known FTHFS sequences. These residues are useful markers for performing accurate sequence alignment and provide additional confidence in the identity of FTHFS sequences.
The known acetogens C. formicoaceticum and C. aceticum formed a monophyletic clade based on partial FTHFS sequences (93.3% sequence similarity) (Fig. 1) , as did S. ovata and S. termitida (91.3% sequence similarity). Both of these results were supported in 100% of 500 bootstrap replicates. The M. thermoacetica sequence grouped with the Sporomusa clade in 99% of the bootstrap replicates. However, the levels of sequence similarity between the M. thermoacetica and Sporomusa sequences were not very high (73.7% between S. ovata and M. thermoacetica and 72.6% between S. termitida and M. thermoacetica). The Eubacterium limosum and A. woodii sequences formed a tight group as well, which exhibited 83% FIG. 1. Phylogenetic relationships of FTHFS and LigH-like sequences (partial sequences; 359 amino acids; accession numbers are given in brackets). The dendrogram was generated by using the gamma distance (2.0) analysis method with the unweighted pair group with mathematical average algorithm. P. vulgaris (accession no. AF295710) was used as the outgroup. The values at the nodes are the percentages of 500 bootstrap replicates supporting the branching order. Clones obtained from Spartina root and horse manure DNA have designations that begin with SR and H, respectively. sequence similarity and was supported in 72% of the bootstrap replicates. FTHFS sequences from the two thermophilic acetogens, M. thermoacetica and T. kivui, were substantially separated, and the T. kivui sequence was more similar to the sequences from the clostridial species than to the Moorella sequence. The average level of similarity for the known acetogen FTHFS sequences was 73.3%.
The FTHFS sequences from the purine fermenters C. acidurici and C. cylindrosporum formed a monophyletic clade which did not contain any of the sequences from genuine acetogens. The sequences from purinolytic clostridia were most similar to the Sporomusa clade sequences, but the average level of similarity to the Sporomusa sequences was only 65.2%. An additional FTHFS sequence from P. vulgaris fell outside the acetogen and purinolytic clostridium clusters and was designated the outgroup in subsequent analyses. The P. vulgaris sequence was 58.7% similar to C. cylindrosporum and C. acidurici sequences and only 63.4% similar to the most similar sequence from a true acetogen, the T. kivui sequence.
Restriction fragment length polymorphism analysis of 16 Spartina root DNA clones and five horse manure DNA clones showed that 11 of the Spartina root DNA clones were different, as were all five sequences cloned from horse manure. The clones from Spartina roots were designated SR 1 through SR 11, and those from horse manure were designated H 1 through H 5. Two of the Spartina root sequences (SR 1 and SR 10) fell in the A. woodii-E. limosum clade and were very similar to the E. limosum sequence (levels of similarity, 99.7 and 99.4%, respectively). Interestingly, a recent study employing a 16S ribosomal DNA probe specific for A. woodii and E. limosum detected these acetogens on the root surfaces and inside the roots of the seagrass Halodule wrightii (18) . Two horse manure clones, H 2 and H 4, were 74.5% similar to each other and 78.5 and 73.5% similar, respectively, to the sequence from R. productus, an acetogen that was originally isolated from a sewage digester (21) and has also been detected in the intestinal tracts of a variety of mammals (42) . H 2 grouped with the R. productus sequence in 81% of the bootstrap replicates. There was also substantial similarity between these clones and the FTHFS sequence from M. thermoacetica (H 4 more so than H 2), which was originally isolated from a horse manure pile (13) . Three other clones from horse manure, H 1, H 3, and H 5, formed a cluster with the enteric, nonacetogenic P. vulgaris sequence. P. vulgaris is a known producer of FTHFS activity (45) , and a presumed FTHFS gene was previously detected in this organism with an FTHFS-specific probe (24) . This cluster apparently contained divergent sequences (average level of similarity, 74.0%) but was well supported by bootstrapping.
Seven other unique Spartina root clones, SR 2 and SR 4 through SR 9, were also found. These sequences clustered together but were quite different from the FTHFS sequences. The ortho-demethylating enzyme encoded by ligH in Sphingomonas paucimobilis has 60% sequence similarity to the FTHFS from M. thermoacetica (28) . The LigH sequence clustered with these seven root clones with sequence similarities ranging from 61.9 to 65.9%. It should be noted that these levels of similarity are not sufficient to conclusively identify the unknown root sequences as ligH products.
We tested the PCR primers by using a broad range of organisms isolated from a wide variety of environments; these organisms included A. woodii from estuarine sediment (3), C. aceticum from soil (5), C. formicoaceticum from sewage (1), C. magnum from freshwater sediment (35) , E. limosum from sheep rumen fluid (37), R. productus from sewage digester sludge (21) , S. ovata from silage (27) , S. termitida from termite hindgut (8) , and T. kivui from freshwater sediment (19) . All of the homoacetogens tested except M. thermoacetica yielded strong FTHFS-specific amplimers without nonspecific products. An amplimer of the correct size was obtained from M. thermoacetica; however, spurious products dominated the amplification mixture. This was also the case for amplification of D. orientis DNA. While the M. thermoacetica FTHFS was clearly quite congruent with other FTHFSs at the amino acid sequence level and clearly fell within the acetogen cluster, it was substantially different from the other acetogen FTHFSs at the nucleotide sequence level. The reasons underlying the low levels of similarity between the M. thermoacetica FTHFS nucleotide sequence and the sequences of other acetogen FTHFS genes are not clear at present, but the primers used in this study are probably not suitable for amplification of this sequence from natural samples. Successful amplification of the M. thermoacetica FTHFS sequence was accomplished by increasing the degeneracy of the primer pair in accordance with the M. thermoacetica nucleotide sequence (data not shown). The more degenerate primers produced spurious products from some other known acetogens and are not recommended for use with environmental samples. Analysis of additional FTHFS sequences may help resolve this issue.
The FTHFS primers developed here permit examination of natural samples to determine the presence and diversity of acetogenic bacteria. Sequences of purinolytic clostridia, as well as other FTHFS-producing organisms, may also be recovered, but they are sufficiently different from acetogen FTHFS sequences that they can be accurately discriminated. The phylogenetic inferences drawn from FTHFS sequence data are congruent with phylogenetic inferences drawn from 16S rRNA gene sequence data in most cases (data not shown), and where the two phylogenies differ, FTHFS sequence analysis is more informative concerning physiological distinctions among FTHFS-producing organisms. Use of the PCR primers described here should greatly facilitate discovery of unknown acetogens and determination of acetogen distributions and dynamics in complex natural environments.
Nucleotide sequence accession numbers. The nucleotide sequences determined in this study have been deposited in the GenBank database under accession no. AF295701 to AF295724.
